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Abstract 
In order to solve the problem of inadequate water pressure in the southern and southeast area of City K, high level 
water tank is to be built in different locations of network system to improve this situation. When it is low peak period 
at night, the excess produced water will be transferred into the high level water tank. Otherwise, during the peak 
period of the daytime, network will be supplied by water treatment plants and high water tank together so as to 
balance the network pressure. This paper analyses the different high water tank building plans through hydraulic 
model simulating, thus, providing an economical and reasonable suggestion to the network’s modification. 
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1. Introduction 
Drinking water network dynamic hydraulic model and the water quality model currently have been 
regarded as the most effective ways to analyze the network, especially the hydraulic model provides a 
strong scientific basis to the network planning and improvement. Along with the ever-changing 
computerized technology, the network simulation software has also developed rapidly. Currently, foreign 
research and application of the pipeline software has reached a relatively mature stage. Which is widely 
used are: EPANET launched by the U.S. Environment Protection Agency (EPA) which was used by 
many other models because of its stable and efficient computer engine. The users can learn from the 
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source code how it works, and then exploring new functions on this basis[1]. Water CAD/WaterGEMs 
launched by the Haestad Company not only provides hydraulic, energy, investment costs analysis but also 
provides advanced optimization and highly efficient modules[2]. Infoworks WS launched by the British 
Wallingford Company can calculate the maximum size of 400000 nodes, on the other hand, the software 
gives a complete simulation on the operation of valves and pumps. Danish DHI’s MIKE URBAN WD 
software includes standard EPANET engine, water hammer analysis engine, etc., widely used for fire 
flow analysis, pipe roughness calibration and simulation of variable speed pumps[3]. The development 
and application of domestic hydraulic simulation software got a late start. There are 3HHY NetSimu, 
WaterSim, WNW and so on, most of them developed independently based on the research platform of 
Tongji University, Harbin Institute of Technology and other universities[4]. 
Dynamic water distribution hydraulic model built up on the theory of network adjustment and delay 
simulation, while taking the water supply system to be convenient to manage into account. By running 
hydraulic calculations and dynamic simulations, hydraulic modeling software educes various hydraulic 
characteristics of network fittings and pumping stations, in order to analyze and diagnostic network 
operation condition, improve operation proposal, optimize network design and achieve the advanced 
network management. At present, lots of water supply companies are promoting the applications of 
hydraulic model in network operation. 
City K is located in the southwest of China, average elevation is around 1890, lying north to south. 
The main network operation problems are: (1) The pressure of southern city is low and cannot fulfill 
customer’s demand; (2) The pressure at night is too high, otherwise the pressure during the peak hour is 
low, especially in south-east of the city. It is planned to build high level water tank, to adjust operation 
pressure at night and improve the pressure at peak hour with the help of hydraulic model, establish proper 
and economical proposal. 
2. Hydraulic model theory 
2.1. Algorithm analysis 
In the actual water supply system, the flow state is so complex that it is generally assumed that the 
flow is in a steady uniform state for analysis and calculation. The error is within the scope of the project 
allows. The laws of mass and energy conservation are always used to describe various types of substances 
and their operation rules, also can be used to describe the operation law of water supply network system. -
In hydraulics, the law of mass conservation is mainly employed in the water demand distribution of nodes. 
On the other hand, the law of energy conservation described by Bernoulli’s equation, reflecting pipe 
kinetic energy and pressure energy consumption and delivery. Hydraulic model based on the law mass 
and energy conservations uses specific algorithms for network adjustment calculation, is regarded as an 
effective tool for network dynamic simulation. 
The first use of pipe network hydraulic analysis method is well-known Hardy-Cross Method, which 
takes the energy equation and the loop head loss balance as the criterion. Besides, the method introduces 
the concept of adjust flow for deriving the nonlinear equations group, and then solves the nonlinear 
equations group by linearization. With the development of computerized technology, Newton's iterative 
method is widely used to solve the node equations and loop equations[5]. WaterGEMS hydraulic 
modeling software of Haestad Company was accepted by City K, which developed on basis of the 
gradient algorithm. The gradient algorithm for the solution of pipe networks is formulated upon the full 
set of system equations that model both heads and flows[2]. According to the Newton-Raphson theory, 
the equations is expanded by Taylor series, it makes the nonlinear equations to be linear, gains the 
iterative equation, and gets adjustment results at last. During the calculation process, since both continuity 
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and energy are balanced and solved with each iteration, the method is theoretically guaranteed to deliver 
the same level of accuracy observed and expected in other traditional algorithms such as the Simultaneous 
Path Adjustment Method and the Linear Theory Method. 
Given a network defined by N unknown head nodes, P links of unknown flow, and B boundary or 
fixed head nodes. According to the laws of mass and energy conservation, the network equations can be 
expressed as follow: 
 
 12 10 fA H F Q A H                                                               (1) 
21A Q q                                                                          (2) 
Where 21A  is unknown head nodes incidence matrix, 12
TA  the transposed matrix of 21A , 10A  the fixed 
head nodes incidence matrix, q  the nodal flow vector, fH  the fixed nodal head vector, H  the unknown 
nodal head vector, and Q  the unknown pipe flow vector.  
The headloss is expressed in the matrix as follow: 
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A diagonal matrix that implements the vectorized head change coefficients is introduced. It is 
generalized for Hazen-Williams friction losses calculation. 
 
1 1
1 1
11
1p
n
n
p p
R Q
R Q


§ ·
¨ ¸
¨ ¸ 
¨ ¸
¨ ¸© ¹
A                                                    (4) 
This yields the full expression of Formula (1) and Formula (2) in matrix form: 
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In order to linearize the nonlinear equations, Newton-Raphson method is applied: 
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, where N  is the derivative coefficient. 
It can obtain the final node pressure iteration formula and the pipe flow iteration formula after matrix 
inversion and various algebraic manipulations and substitutions. 
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When the computerized simulation begins, inputting the initial flow ( 0 1 /V m s ) into the system and 
getting the result of 0Q  through the formula 2 / 4Q D vS . And then, input the nodal flow q , the fixed 
nodal head fH  and the topology matrix to calculate the adjustment of the pipe network. 
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There are a number of other advantages that this method has over other algorithms for the solution of 
pipe network system[2]: 
x The method can directly solve both looped and partly branched networks. This gives it a 
computational advantage over some loop-based algorithms. 
x Using the method avoids the post-computation step of loop and path definition, which adds 
significantly to the overhead of system computation. 
x The method is numerically stable when the system becomes disconnected by check valves, pressure 
regulating valves, or modeler’s error. 
x The structure of the generated system of equations allows the use of extremely fast and reliable sparse 
matrix solvers. 
 
2.2. Description of City A’s hydraulic model 
The average daily water supply of City K is 850,000 m3/day, with 6 main water treatment plants, total 
length of network above DN100 is 1900 km, supplied population is 2.2 million, supply area reach up to 
200 km2. Hydraulic model of City K was under development since 2009, model establishment and 
calibration have been already finished, which including nodes 14333, pipes 15299, pumps 35, maximum 
diameter of pipe 1600mm, and minimum diameter of pipe 100mm, total length of pipe 1200 km. At 
present, total pressure points used in model calibration are 70 points, which contain real time SCADA 
pressure points 40 and non-real time zoning points 30. Totally 70 pressure points are well distributed in 
the service area of City K, they could comprehensively represent the actual pressure situation of City K. 
According to the result of model calibration, the pressure precision (measured pressure comparing with 
simulated pressure) for 80% of pressure points is under 2m, otherwise the flow precision (measured flow 
comparing with simulated flow) for outlet of WTPs is under 5%. The model precision reach up to model 
precision evaluation standard, and the model could provide full support in terms of decision making, and 
be used in network planning, network operation optimization, water dispatch optimization and so on. 
3. High level water tank research and analysis  
3.1. Current situation of water network pressure 
According to the requirements of “Outdoor Water Supply Design Specification” (GB50013-2006), 
when City K’s water network pressure reaches 0.30MPa (31mH2O), it can meet the lowest pressure need 
of the residents. In accordance with the location of pressure monitoring points, choosing pressure 
representative points A B C D and E (Fig. 2 Main network layout of City K) for measured pressure and 
simulated pressure comparing. Among them, the pressure monitored point A is located in the city center, 
which is considered as the main control point for the water dispatch. If the water pressure meets the 
control requirements of point A, the network can provide a safe water supply in most parts of urban areas. 
Figure 1 shows the trend line of point A’s pressure variation by time averaged value in the month of 
August 2011.  
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Fig.1 Pressure variation of point A in the month of August 2011 
Figure 1 presents the pressure of point A is above 31m H2O within 24hours in the whole month, 
successfully satisfying the water pressure requirement. At nighttime from 1:00 pm to 8:00 am, the 
pressure is high, while during the daytime from 10:00 to 23:00, the pressure is low. Due to the low water 
demand at night, the pressure rises up, and it leads a certain degree of energy waste. However, the high 
water demand during the day time causes water pressure insufficient in boundary of the city, and it cannot 
fulfil the varying residents’ demand. 
3.2. Plans of high level water tank building 
New high level water tank is going to be built in order to solve the running problems in the network 
system of City K. Through setting up high level water tank, the excess water can be stored in the high 
level water tank during the low period at night, when it comes to the peak period, the network will be 
supplied by water treatment plants and high level water tank together. This method can meet the demand 
of water network pressure and achieve energy saving purposes. 
The main network layout of City K is shown in Figure 2. 
WTP2, WTP4, WTP5, WTP6, WTP7 and WTP8 are main WTPs of City K, thick lines represent 
pipeline upon DN1000, meanwhile thread lines represent pipeline upon DN 600mm in Figure 2. 
In the main WTPs of City K, the elevation of plant No.7 is high and WTP 7 distributes water by 
gravity without using pumping station for water pressurizing. The current daily production of WTP 7 is 
450,000 m3/day, otherwise it cannot reach up to its design capacity (600,000 m3/day). In order to produce 
more water for WTP 7 and reduce overall energy operation cost of the company, it is planned to build 
high level water tanks, so that WTP produced more during the night and water is transmitted from WTP 7 
to high level tanks. Figure 3(a) shows the WTP 7 service area before high level tank built, it covers north 
part, central and south-eastern regions of City K. 
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Fig.2 Main network layout of City K 
 
Water Supply Zone Of WTP7 (Before)
         
Water Supply Zone Of WTP7 (After)
 
Fig.3 (a) WTP 7 service area before high level tank built and plan A; (b) WTP 7 service area of plan B 
WTP: Water Treatment Plant
A.B.C.D.E: Pressure Point
I.II: The Position of High Level Water Tank 
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Plan A: A 10,000 m3/day high level water tank is built and located in the position I of Figure 2 to 
improve the low pressure problem in the southeast area. The capacity of high level water tank is 
determined by the difference between the volume of water produced and water consumed of the plant. As 
position I is situated at the end of main pipe from WTP7, water could be transported by gravity, and it 
could meet the lowest pressure demand of east south zone.  
Plan B: The network ends in south area of City K, pressure shortage is particularly emphasized, it is 
planned to build a high level tank with the capacity 10,000 m3/day in position II. Considering a DN1000 
main pipeline is under construction currently from point D to position II in Figure 2, as high level tank is 
built at end of network, it could obviously improve the pressure and water demand of south area of City K. 
Through the pressure variation of point BCDE (Figure 5) of the simulation of hydraulic model before 
and after the high level tank constructed, we can evaluate the effect of high level tank in pressure 
optimization. 
3.3. Analysis  of plans 
In accordance with the high level tank building plan, the variations of outlet flow of WTP7 in terms of 
current situation, plan A and B through model simulations are given as follows in Figure 4. 
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Fig.4 The outlet flow variation of WTP7 
According to Figure 4, for the plan A, the new high level water tank located in position I has neglected 
effect in terms of increasing night production of WTP7, the 24 hour production variation curve is very 
similar as current situation, the service area of WTP7 does not changed neither. Otherwise, for plan B, the 
new high level water tank located in position II has strong effect for improving night outlet flow of WTP7, 
the night production (0:00̚7:00) of WTP7 increase obviously, and the service area of WTP7 expand to 
the whole south area of City K. Based on the actual data of the day model simulated, the current 
production of WTP 7 is 430,000 m3/day. The production of  WTP 7 reaches up to 435,000 m3/day in plan 
A, meanwhile the production of WTP7 climbs up to 475,000m3/day in plan B. Due to the production of 
WTP 7 increased, the other pressurized WTPs could reduce its production accordingly, the operation 
energy cost of pumping station could be reduced to a certain degree. 
The variation of current, plan A and plan B pressure situation are shown in Figure 5. 
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Fig.5 (a) Pressure variation of point B; (b) Pressure variation of point C; 
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(c) Pressure variation of point D; (d) Pressure variation of point E 
According to Figure 5, the overall pressure does not change after plan A is implemented, the variation 
of pressure point BCDE, which are well distributed in central, east and south of the City, are similar as 
current situation. Otherwise, after plan B is implemented, the overall pressure of point BCDE changed 
distinctly, especially during night time and at peak hour. Pressure point B is located in the central of City 
K, approached to the main control point, it represents the overall pressure situation of central city. 
According to Figure 5(a), the pressure at night time is lower than current situation, otherwise the pressure 
at peak hour is stabilized which can satisfy the demand of customers. Pressure point C is located in the 
western area, far from high level water tank II, the variation of the pressure is slow down due to water 
tank II, but the effect is not evident. Pressure point D is located in the east and near the beginning of 
DN1000 mm main pipe. After plan B is implemented, the pressure of point D is decreased due to the 
effect of high flow of pipe DN1000. For the flow of pipe DN1000 increased significantly, the dynamic 
pressure affects the pressure value. Pressure point E is located in the south, the most close to the newly 
built water tank II, the pressure is increased evidently during the day time especially at peak hour, it could 
efficiently solve the low pressure problem in south area and increase the water sale for the water company. 
The pressure is decreased also during night time, and it could reduce the leakage volume of pipelines. 
4. Conclusions 
Using hydraulic model to analyse the pressure optimization effect of high level water tank in drinking 
water network is based on the existing network operating conditions. In addition, there are many other 
factors should to be taken into account, such as the pipeline layout and the size, the location and altitude 
of high level water tank, the project cost-benefit analysis etc. For program optimization, network 
hydraulic modelling software shows a rich display of the water distribution system’s features and gives an 
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assessment of different rehabilitation plans under various operation conditions. It provides an important 
guide to the improvement and optimization of the network. In the course of the model simulation, some 
factors should not be overlooked, for example, the accurate prediction of water demand, the accuracy of 
hydraulic model, the reasonable selection of control point. As an effective tool for quantitative analyzing 
the performance of network system, hydraulic model provides useful information and data for evaluating 
and optimizing the network system so as to guarantee the design of the drinking water supply system is 
scientific, economical and security. 
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